A quantum cavity for spin is created using a tungsten crystal as substrate of high nuclear charge and breaking the structural inversion symmetry through deposition of a gold quantum film. Spin-and angleresolved photoelectron spectroscopy shows directly that quantum-well states and the ''matrioshka'' or Russian nested doll Fermi surface of the gold film are spin polarized and spin-orbit split up to a thickness of at least nine atomic layers. Ferromagnetic materials or external magnetic fields are not required, and the quantum film does not need to possess a high atomic number as analogous results with silver show. DOI: 10.1103/PhysRevLett.101.256601 PACS numbers: 72.25.Dc, 71.70.Ej, 73.21.Fg, 79.60.Dp Spintronics is promising to revolutionize data storage and processing in a development which commences with smaller devices that consume less power than present charge-based ones and may culminate in the implementation of quantum computing. Spintronics demonstrated first success already in metallic multilayers, most notably the oscillatory long-range magnetic coupling and its applications, i.e., the giant magnetoresistive reading head and the magnetic random access memory. The central unit of these devices is a quantum cavity for electrons and spin [1] . The boundary layers are ferromagnets which impose their spin dependence on the electronic states inside the cavity. For this reason the cavity owes its functioning ultimately to the Pauli principle.
Spintronics is promising to revolutionize data storage and processing in a development which commences with smaller devices that consume less power than present charge-based ones and may culminate in the implementation of quantum computing. Spintronics demonstrated first success already in metallic multilayers, most notably the oscillatory long-range magnetic coupling and its applications, i.e., the giant magnetoresistive reading head and the magnetic random access memory. The central unit of these devices is a quantum cavity for electrons and spin [1] . The boundary layers are ferromagnets which impose their spin dependence on the electronic states inside the cavity. For this reason the cavity owes its functioning ultimately to the Pauli principle.
Second-generation spintronic devices shall directly use spin-polarized currents for data storage and processing. To generate these spin currents, spin injection from ferromagnets into semiconductors is being studied intensively, but the direct interfaces between these materials suffer from severe conductance mismatch problems. It is principally possible to create a spin current without ferromagnetic materials or external magnetic fields altogether if the polarization is created by virtue of the spin-orbit interaction instead of the Pauli principle. The spin-orbit interaction induced by an electric field E at a two-dimensional interface, i.e., the Rashba effect, has been studied intensively in semiconductor heterostructures [2] [3] [4] . The Rashba effect leads to two spin-split dispersions given by
where k k is the magnitude of the electron wave vector component in the interface plane and m Ã is the effective mass of the electron. The spin-orbit splitting Á so ¼ E þ À E À depends, via the parameter R / hE z i, linearly on the electric field E at the interface, and it has been shown that it can even be tuned by external gates [3, 4] realizing a key ingredient of the proposed spin field-effect transistor [2] . This rapid development in the semiconductor field is currently being complemented by studies of metal surfaces. A pioneering experiment [5] identified a Rashbatype spin-orbit splitting for the " À surface state of 79 Auð111Þ [5, 6] . Subsequently, spin-orbit split surface states were identified in other metals with high atomic number Z such as 74 W [7, 8] , 83 Bi [9] , and 64 Gd [10] , while the low-Z metals 42 Mo [7] and 47 Ag [6] showed smaller or vanishing splitting. Adsorption of alkali and oxygen monoatomic layers increases Á so , which is believed to be due to the extra potential gradient and electric field E at the surface [7, 10] . Apparently, these surfaces and monolayer systems with their sensitive surface potential gradients are far from device applications.
The new concept of a quantum cavity for spin based on the spin-orbit interaction was, to our knowledge, at first proposed for semiconductors [11] and has not been realized so far. It was suggested that a surface state of a Mg film on W(110) becomes spin-orbit split due to interaction with the high-Z substrate [12] . Based on the behavior of the low-Z control sample Mg=Moð110Þ, we had to rule out this interpretation [13] , but we observed that W(110) is able to induce a large spin-orbit splitting in a Au monolayer by interface hybridization [14] .
It is the purpose of this Letter to demonstrate that the quantum cavity for spin can indeed be realized in a metal film. The observed spin-orbit splitting does not mainly depend on the atomic number of the film material but on that of the substrate which renders our observation a very general and fundamental phenomenon. The splitting Á so is no longer caused by interface hybridization as with the Au monolayer on W [14] but instead is a new property of the quantum film which fulfills the predictions by the simple and analytical Rashba model. Figure 1 (a) schematically depicts how conventional quantum-well states form in metal-on-metal systems [1] . A projected band gap in the substrate supports electron confinement in the quantum film. Figure 1 
week ending 19 DECEMBER 2008 0031-9007=08=101(25)=256601 (4) 256601-1 Ó 2008 The American Physical Society experiment for a system with two quantum-well states. Quantum-well states show first of all free-electron-like parabolic dispersions in the film plane. When spin-orbit coupling is turned on, these dispersions are displaced in momentum space by R k k according to Eq. (1), as we will demonstrate experimentally. That these dispersions have opposite spin will be measured with a spin polarimeter [15] . [For a setup with quantization axis along y, the respective spins in Fig. 1 (d) become distinguishable.] Sample preparation and spin-and angle-resolved photoemission measurements have been done as described before [14] . Figure 1 (b) shows angle-resolved photoelectron spectra representing the occupied electronic states of Au and Ag films on a W(110) substrate. As shown before [16] , with increasing film thickness [i.e., from bottom to top in Fig. 1(b) ], the quantum film can accommodate more and more energy levels (downward triangles) in a given energy interval.
The spectra of Fig. 1(b) represent electrons emitted normally to the film plane (i.e., along the [110] direction of W), meaning k k ¼ 0. Figure 2(a) shows spin-resolved spectra measured at À7 off normal and 50 eV photon energy [i.e., k k ðE F Þ ¼ À0:43 # A À1 ] along the ÀS direction of the surface Brillouin zone of W, Fig. 1(c) . The spectrum of pure W(110) shows strong spin-orbit-induced spin polarization, i.e., a large difference between spin-up and spindown spectra. For 1 monoatomic layer (ML), the Auinduced states appear as clearly separated peaks for spinup and spin-down electrons. For each deposited atomic layer up to at least 9 ML, new quantum-well states appear which are split and spin polarized. The Fermi surface is spin polarized since it is made up of quantum-well states crossing E F . Figure 2 
at thicknesses of 9 and 7 ML, respectively. Note that for the other thicknesses the spin-polarized crossing of E F occurs as well but at other k k values.
For a Au film of 4 ML thickness, Fig. 3(a) follows the dependence of photoelectron spectra on the electron emission angle (or k k with k k / sin). As expected, the dispersion of the quantum-well state appears predominantly parabolic. Dashed lines show the position of the surface-projected band gap of the W substrate, and it is seen that the quantum-well state suffers a kink in its dispersion and gains intensity [contrast in Fig. 3(a) ] just when it enters the band gap inside of which the quantumwell wave function is maximally confined. Crosses in Fig. 3(a) help to locate the spin resolved measurements shown in Fig. 3(b) : The spin-orbit splitting Á so increases clearly with increasing and k k . There is a clear qualitative difference between data for 1 ML Au and thicker films because for 1 ML, Á so decreases with increasing k k . This behavior has been attributed to strong hybridization of Au monolayer states with those of the W substrate [14] . (ii) The data for 3 ML and 4 ML show that for quantum-well states of quantum number n ¼ 1, Á so increases linearly inside of the gap but is not proportional to k k , while (iii) at 5 ML, Á so has become fairly proportional to k k just like in the Rashba model of Eq. (1).
Both 79 Au and 74 W are high-Z materials, and in order to assess the quantum cavity for spin, it would be helpful to know which of them causes the spin-orbit splitting. Recently, it was shown that Á so of the Ag(111) surface state, which is unresolvably small [6] , can be enhanced by adding Au [17] . In fact, Á so turned out to be proportional to the number of heavy atoms probed by the surface-state wave function [17] . Based on this, we expect a considerably smaller splitting for the low-Z control sample Ag=Wð110Þ than for Au=Wð110Þ because the quantumwell wave function probes more Ag atoms than W ones by far. Figures 2(b) and 3(c) , however, show that Á so does not differ principally between Ag and Au. This holds even for thick films of 7 ML. Recalling that Á so vanishes for 1 ML Au=Moð110Þ [14] , this means that the spin-orbit splitting is not primarily caused by the high Z of Au but that, on the contrary, the interface with W is essential.
It is not clear how the overlayer-Z independence of Á so can be explained based on state-of-the-art theory [18] of spin-orbit split surface states. Yet this unexpected Z independence suggests reducing the problem to a simple scattering one: We recall that the band gap in the W substrate is equivalent to Bragg reflection of electrons from the W. This is what together with the surface potential leads to the electron confinement and quantum-well states in the Au   FIG. 3 (color online) . Angle-dependendent photoemission representing Eðk k Þ for 4 ML Au (a) spin averaged and (b) spin resolved. The first derivative of the photoemission intensity is shown, and the surface-projected band gap of W is marked (hatching outside of the gap). Crosses mark spin-resolved data from (b). (c) Ratio of the spin-orbit splitting Á so in Ag and Au for comparable quantum-well states (quantum number n) from Fig. 2 . The ratio is %1. (d) Á so vs k k for the Au monolayer state and Au quantum-well states at different thicknesses. In strong contrast to the Au monolayer state which is hybridized with the W substrate, Á so of the 5 ML quantumwell state is proportional to k k in full agreement with the Rashba model. Squares and triangles denote spin-resolved measurements, and circles denote spin-averaged data.
film. Band gap and Bragg reflection affect bound and unbound electrons in principally the same way so that we can resort to the free-electron analogue. We draw upon scattering experiments of low-energy electrons from heavy atoms such as those in a Hg gas [19] . These are known to lead to strong spin polarization at large scattering angles [19] which can be described by the atomic Pauli spin-orbit coupling, the momentum dependence of which matches that of the Rashba model. The high spin polarization in the atomic scattering comes along with low overall intensities [19] . The role of the present quantum cavity is to enhance the scattered electron intensity while preserving the high spin polarization. Actually, the same principle but with crystal diffraction instead of quantum confinement is at work in spin-polarized low-energy electron diffraction from W(100) [20] .
Our comparison between Au=W and Ag=W as quantumwell systems allows also for the solution of the longstanding question as to which is more important for Á so in metal systems: the surface electric field [3, 7, 8, 10] or the field near the nucleus [6, 7, 14, 17] ? With the previously studied monolayer and adsorbate systems, surface potential gradient and high-Z atoms were inseparably close to each other, but in the quantum-well system they are far apart. We can safely assume the potential gradient at the interface between Au and W to be close to zero and irrelevant for the splitting [14] . The surface potential could enhance Á so of the quantum-well states depending on the atomic number of the surface atoms [18] , which are Au and Ag in the present case. This should lead to smaller splittings in Ag=Wð110Þ which are not observed. The surface potential is, therefore, of minor importance for the observed spin-orbit splitting.
With our scattering model, we can also explain qualitatively why the spin-orbit splitting of quantum-well states remains the same when Au=Wð110Þ is replaced by Ag=Wð110Þ but that of surface states is reduced when pure Au(111) is replaced by pure Ag(111): Both types of states are due to electron confinement by the surface at the one side and by Bragg reflection at the other side. If we assume that during Bragg reflection the electrons feel a stronger nuclear potential and therefore a larger spin-orbit effect than due to the surface potential and rely on the Z dependence of the spin-orbit coupling in Au and Ag, it follows that the spin-orbit splitting of the quantum-well state depends mainly on the atomic number of the W substrate while that of the (111) surface state depends on the atomic number of the element present at the surface, i.e., Au or Ag.
Returning to the model in Fig. 1(d) , we note that the data of Figs. 2 and 3 fully confirm the simple picture where Eðk k Þ dispersions and the resulting Fermi surfaces for the various quantum-well states are concentrically nested with alternating spins in the fashion of a ''Russian nested doll.'' As a result, the Fermi surface is spin polarized for all thicknesses. The use as spin filter can be gathered from Fig. 1(d) : An electron in the quantum well with momentum Àk k has opposite spin to an electron with þk k , which means that both electrons can bear spin currents of identical sign without a net charge current. The spin-orbit coupling parameter amounts for the 5 ML Au film to R % 1:6 Â 10 À11 eV m. This is comparable to the largest values reached in InAs-based semiconductor heterostructures of 3 Â 10 À11 eV m [21] . It is also comparable to the value of 3:3 Â 10 À11 eV m for the Au(111) surface state [17] , but in contrast to the surface state where 3% of sp electrons in the surface atomic layer participate in the effect [5] , the presently reported effect involves 100% of the valence electrons of the entire quantum film.
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